In this study, the ring-opening polymerization (ROP) of cyclic trimer N 3 P 3 Cl 6 catalyzed by [Et 3 Si(N 3 P 3 Cl 6) ][CHB 11 H 5 Br 6 ] (3) obtained from the reaction of N 3 P 3 Cl 6 (1) and Et3 Si(CHB 11 H 5 Br 6) (2) at room temperature was investigated. This provided a unique opportunity to explore the polymerization mechanism. The coordinatively unsaturated cation [N 3 P 3 Cl 5 ]
Introduction
The term "polyorganophosphazenes" refers to an important class of polymers used in a wide range of alternative industrial applications in such areas as flame retardants, 1 high performance elastomers, 2 rechargeable lithium batteries, 3 and biomedical materials, including synthetic bones, 4 biomedical membranes, 5 and polymer electrolytes. 6 The general structure of polyorganophosphazenes, [R 2 P=N] n , includes an inorganic backbone formed by nitrogen and phosphorus atoms and 2 side groups (R), such as alkoxy, 7 16 This polymer received little interest over the next 60 years, probably due to its insolubility in all solvents and its sensitivity to hydrolysis. Moreover, the hydrolysis of the polymer released phosphate, ammonia, and hydrochloric acid when the polymer was exposed to the atmosphere. In 1965, Allcock et al. obtained the first soluble linear poly(dichlorophosphazene), i.e., a precursor polymer, using the thermal ring-opening polymerization (ROP) when melting highly purified N 3 P 3 Cl 6 at 250
• C in a sealed evacuated glass tube; additionally, polyorganophosphazenes were synthesized via chlorine substitution from poly(dichlorophosphazene) with nucleophiles. 11, 17, 18 Since then, subsequent developments using the thermal ROP and several other synthetic routes have yielded more than 700 different polyorganophosphazenes with different side groups and skeletal architectures, resulting in an extensive range of physical and chemical properties. 19−24 However, the thermal ROP of cyclic trimers is still the most widely used synthetic approach. This process must be terminated before an approximately 70% conversion of the cyclic trimer to yield an uncrosslinked and soluble poly(dichlorophosphazene). Only further heating of the poly(dichlorophosphazene) rapidly causes crosslinks to create the insoluble inorganic rubber. Therefore, isolated yields of the soluble polymer are often 40%.
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Certain Lewis acids, such as BCl 31 This approach is an important method in the sense that polymerization takes place at ambient temperatures via a living polymerization mechanism that allows for the control of the molecular weight of the polymer; moreover, the chain transfer and chain termination steps lead to polymers with narrow polydispersity. 31 The ROP reaction has been extensively studied, and several mechanisms have been proposed 
Results and discussion
Although the mechanism of the ROP is still not clearly understood, 2 different mechanisms for the ROP of N 3 P 3 Cl 6 were proposed by Emsley 38 and Allcock 19,23 (Scheme 2). In Emsley's mechanism (Scheme 2a), 38 the nitrogen on N 3 P 3 Cl 6 gets protonated in the first step. The protonation weakens and breaks the bond between the nitrogen and a neighboring phosphorous, which opens the ring, leaving the lone pair of electrons on the nitrogen and creating a phosphazenium cation. The lone pair on the nitrogen attacks a phosphorous on another N 3 P 3 Cl 6 , thereby starting the polymerization. On the other hand, the mechanism proposed by Allcock (Scheme 2b) 19, 23 is the more commonly accepted mechanism, speculating that the ROP of N 3 P 3 Cl 6 proceeds through cationic intermediates. The initiating step in this cationic mechanism is the heterolytic dissociation of the phosphorus-chloride bond to form coordinatively unsaturated and highly reactive phosphazenium cation [N 3 P Owing to the fact that the icosahedral CB 11 carborane anions are among the least coordinating and the most inert anions to allow the isolation of coordinatively unsaturated cations, some have thought that these anions have a highly electrophilic character as developed in Reed's laboratory, 30 which may solve the problem. were recorded for each polymerization experiment are the same in terms of both chemical shift values and signal patterns. Therefore, the 31 P-NMR spectra obtained from the reaction between 5 equivalents of N 3 P 3 Cl 6 and 1 equivalent of precatalyst 3 dissolved in a 1-M concentration of N 3 P 3 Cl 6 with ODCB are given as an example in Figure 1 . All of the signals were labeled in the 31 P-NMR spectra. The N 3 P 3 Cl 6 monomer showed up at δ P = 19.9 ppm, and its corresponding polymer (5) appeared as a large signal at δ P = -17.9 ppm. The reported 31 P-NMR data for N 3 P 3 Cl 6 and its polymer are in accordance with the corresponding values obtained from the thermal ROP reactions in the literature. 11, 17, 18 On the other hand, the doublet and triplet at δ P = 18.04 and 23.35 ppm ( 2 J P P = 39.4 Hz), respectively, correspond to the precatalyst (3). As can be seen from Figure   1 , while the intensities of the signal for precatalyst 3 and N 3 P 3 Cl 6 decrease as the reaction proceeds, the intensity of the signal increases for the polymer (5). Moreover, 2 new sets of triplets and doublets with equal integration grow. They can possibly be assigned to unsymmetrical phosphazene rings (marked A and B) at either end of the growing polymer chains (Figure 1 ). While the doublet and triplet of ring A appeared at δ P = 18.7 and 9.0 ppm ( 2 J P P = 59.8 Hz), respectively, the doublet and triplet of ring B were observed at δ P = 13.5 and 16.3 ppm ( 2 J P P = 36.2 Hz), respectively. Furthermore, the peaks between δ P = -7.0 and -18. 
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The conversion percentage of N 3 P 3 Cl 6 to the polymer was calculated from the following equation: [integral polymer/(integral N 3 P 3 Cl 6 + integral polymer)] × 100. Additionally, the conversion percentage for N 3 P 3 Cl 6 was plotted against polymerization time (Figure 2) . When comparing the 1.0-M and 0.5-M concentrations of N 3 P 3 Cl 6 (Figure 2 , lines b and c, respectively; and Table) , the lower concentrations of N 3 P 3 Cl 6 led to the slow formation of the polymer as expected.
The nitrogen coordination rather than the chloride abstraction was obtained from the reaction of 1 and silyl carborane reagent 2. 30 The resulting cation [Et 3 Si(N 3 P 3 Cl 6 )] + in precatalyst 3 is a potential precursor to coordinatively unsaturated cation [N 3 P 3 Cl 5 ] + and may provide an insight into the ROP of N 3 P 3 Cl 6 . The suggested ROP mechanism of N 3 P 3 Cl 6 is given in Scheme 3. In the mechanism, polymerization is induced by [N 3 P 3 Cl 5 ] + , which is responsible for the ROP of N 3 P 3 Cl 6 as the true catalyst. Therefore, the formation of On the other hand, the propagation step involves the coordinatively unsaturated cation [N 3 P 3 Cl 5 ]
+ acting as a cationic initiator by attacking the skeletal nitrogen atom of an N 3 P 3 Cl 6 molecule, inducing ringopening and chain propagation by a cationic mechanism. This step cleaves the attacked N 3 P 3 Cl 6 and transfers the cationic charge to the terminal phosphorus. As a result, it is possible to see growing polymer chains and end-groups on the chains, and the polymerization study of N 3 P 3 Cl 6 in ODCB in the presence of 3 as a catalyst confirms that, at room temperature, the propagation in that polymerization proceeds via a living cationic mechanism.
